Interleukin-4 (IL-4) is overexpressed in liver grafts in a context of severe recurrent hepatitis C, during which the development of fibrosis is dramatically accelerated. In this study, we examined the effects of IL-4 on the activation and collagen production of cultured human intrahepatic (myo)fibroblasts (hIHFs), and investigated the underlying mechanisms. The myofibroblastic nature of cells was evaluated morphologically using activation markers (smooth muscle a-actin, vimentin and prolyl 4-hydroxylase). Quiescent hIHFs were obtained by cell incubation in serum-free medium or cell culture on Matrigel. We first analyzed IL-4 receptor expression, STAT-6 activation by IL-4, and STAT-6 inhibition by an anti-IL-4 antibody or by STAT-6 small-interfering RNA (siRNA) transfection. We then focused on collagen production, using quantitative real-time PCR to analyze the effect of IL-4 on the mRNA expression of collagens I, III and IV, and on collagen levels in supernatants of hIHFs, using the Sircol collagen assay. hIHFs cultured in plastic wells appeared to be morphologically activated. The expression of activation markers was reduced by serum deprivation or culture on Matrigel, and restored by IL-4 incubation. The IL-4 receptor was expressed by hIHFs, and STAT-6 was activated following incubation with IL-4. Both anti-IL-4 antibody and STAT-6 siRNA transfection inhibited this activation. The treatment of hIHFs with IL-4 increased the mRNA expression of collagens I, III and IV (Po0.05) and elevated collagen levels in supernatants (P ¼ 0.01 vs untreated cells). Therefore, IL-4 exerts profibrotic effects by activating hIHFs and inducing collagen production and secretion. This effect requires IL4-R binding and STAT-6 activation. IL-4 may thus be involved in accelerated course of fibrogenesis during recurrent hepatitis C.
Hepatic fibrosis is an outcome of many chronic liver diseases, such as viral and autoimmune hepatitis, alcohol consumption and biliary obstruction. Prolonged liver injury results in hepatocyte damage, which triggers the activation of hepatic stellate cells (HSCs) and the recruitment of inflammatory cells into the liver.
1 Liver fibrosis is characterized by an accumulation of extracellular matrix (ECM), resulting from its increased production and decreased degradation and leading to distorted reconstruction of the liver parenchyma that accompanies liver function impairment during most chronic liver diseases.
2 HSC play a crucial role in the development of liver fibrosis by constituting an important source of ECM, 3, 4 the major components of which are collagens I, III, IV and V. 5 During hepatic fibrogenesis, HSCs are activated or transdifferentiate into myofibroblastic cells that lack cytoplasmic lipid droplets, acquire smooth muscle a-actin (a-SMA) expression, produce ECM and then inhibit its degradation by degrading metalloproteases. 6, 7 However, liver myofibroblast populations have been shown to be heterogeneous, and at least two populations of myofibroblasts with fibrogenic potential (HSC and hepatic myofibroblasts) accumulate during chronic liver injury in both rats and humans. 8, 9 The stimuli that induce the activation of stellate cells or hepatic fibroblasts, such as cytokines, can derive from injured hepatocytes, endothelial cells, Kupffer cells or infiltrating lymphocytes. 10 Transforming growth factor-b (TGF-b) is deemed an important inducer of liver fibrogenesis in rats and humans. 11, 12 Cytokines other than TGF-b may also be involved in the fibrotic process.
Liver transplantation (LT) has become an accepted therapy for patients with end-stage liver diseases, including hepatitis C virus (HCV)-related cirrhosis. 13, 14 The persistence of HCV and the recurrence of hepatitis C are constant after LT, 15 resulting in accelerated progression toward fibrosis and impaired patient and allograft survival. 16, 17 The mechanisms underlying accelerated liver fibrosis after LT are poorly understood. 18 Interleukin-2 (IL-2) is involved in the progression of liver damage during chronic hepatitis C in immunocompetent patients. 19 Following transplantation, immunosuppressive drugs (mainly calcineurin inhibitors) markedly reduce IL-2 production, whereas the production of other cytokines, such as IL-4, is less sensitive to their inhibitory effects. 20, 21 We have recently shown that IL-4 is overexpressed in patients with severe recurrent hepatitis C when compared to patients with minimal recurrence and to HCV-negative recipients. 22 IL-4 overexpression might therefore be involved in the accelerated fibrosis of hepatic lesions in transplant recipients receiving potent anti-IL-2 immunosuppressive therapy.
IL-4 is a pleiotropic cytokine that controls cell growth, regulates the immune system, exerts anti-inflammatory effects by downregulating T-helper 1 (Th1) cell activity 23 and promotes T-cell differentiation toward a Th2 phenotype. 24 IL-4 exerts its effects by binding to and stimulating its transmembrane receptor (IL-4R), involving the Janus kinases (JAK)-1 and JAK-3, and the signal transducer and activator of transcription (STAT)-6 pathway. 25 In vitro studies have shown that IL-4 can induce fibrosis by activating lung fibroblast proliferation, collagen production and myofibroblast differentiation. [26] [27] [28] Similar results have been found with human conjunctival fibroblasts. 29 In humans, the progression of idiopathic pulmonary fibrosis is associated with IL-4 production. 30 High levels of IL-4 expression have also been found in the fibrotic skin tissues of patients with scleroderma, 31 and IL-4 is important in collagen production by human conjunctival fibroblasts. 29 IL-4 may impact the course of fibrotic liver damage. Indeed, IL-4 enhances collagen synthesis by nonparenchymal liver cells in vitro. 32, 33 IL-4 expression is enhanced in the fibrotic liver of Schistosoma-infected baboons, and anti-IL-4 therapy markedly diminishes hepatic fibrosis in Schistosomainfected mice. 34, 35 We have therefore hypothesized that IL-4 overexpression could contribute to the accelerated progression toward fibrosis that occurs during severe chronic recurrent hepatitis C after LT, by inducing intrahepatic fibroblast activation and collagen overproduction. During this study, we examined the profibrotic effects of IL-4 on human intrahepatic (myo)fibroblasts (hIHFs), and investigated the underlying mechanisms. Our results show that IL-4 induces the activation and increases the collagen production of cultured hIHFs involving the STAT-6 pathway.
MATERIALS AND METHODS
Isolation and Culture of Human Intrahepatic (myo)Fibroblasts hIHFs were isolated from normal liver tissue obtained from patients undergoing partial hepatectomy for metastases or benign tumors. This procedure complied with the ethical guidelines stipulated by French legislation. Liver specimens collected during major hepatectomy were harvested as distant as possible from the tumor, avoiding the immediate peritumoral zone. The lack of significant histological lesions was verified by histological examination before the liver tissue was used for the study. Dissociation was based on a two-step collagenase perfusion method, the cells then being separated by centrifugation over gradients. 36 Visible vessels were perfused first with HEPES-EDTA buffer and then with liver digest (Gibco, Cergy-Pontoise, France) containing 0.05% collagenase, at a flow rate of 10 ml per catheter per min (Masterflex peristaltic pump; Bioblock, France) for 30 min. Liver fragments were gently shaken to free any loose liver cells, and were then filtered and centrifuged. Hepatocytes were isolated from the pellet, and hIHFs from the supernatant. In the suspension, hIHFs were separated from other cells by centrifugation at 1800 r.p.m. for 10 min. 37 Cell viability was determined by Trypan blue dye exclusion, and freshly isolated hIHFs were seeded in 5% fetal calf serum (FCS)/DMEM (Gibco) supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml) and cultured at 371C in a 5% CO 2 atmosphere. The culture medium was replaced 1 day after plating. At confluency, cells were subcultured and maintained in 75 cm 2 culture flasks (WVR, Strasbourg, France). Cells were used for experimentation between the second and sixth passages.
Each evaluation was performed using cells obtained from at least six different human livers.
hIHFs Culture Conditions hIHFs (3 Â 10 5 cells per well in six-well plates) were seeded on plastic and in DMEM (5% FCS) and allowed to attach for 6 h. The cells were then starved of serum for 48 h or cultured for 48 h on Matrigel coated in DMEM (5% FCS) to obtain quiescent cells. Then, in all experiments, the medium was replaced with FCS-DMEM (5% FCS) on both plastic and Matrigel, and the cells were cultured for 20 min, 6, 24, 48 or 72 h without treatment (for controls) or with recombinant human TGF-b (10 ng/ml; R&D Systems, Lille, France), recombinant human IL-4 (5, 10, 50, 100 or 500 ng/ml; R&D systems) or recombinant human IL-4 (50 ng/ml; R&D Systems) plus anti-human IL-4 monoclonal antibody (50 ng/ml; R&D Systems). The cells were then detached from the culture plates by trypsination for future analysis, and the supernatants stored at À201C until the spectrophotometric analysis of collagen production. For P-STAT-6 analyses, cells were incubated in fresh medium (5% FCS/DMEM) and stimulated with human IL-4 (50 ng/ml) for 20 min; longer periods were allowed for activation or collagen production experiments.
Morphology and Characterization of hIHFs

Immunohistochemical methods
For immunohistochemistry, cells were grown on glass coverslips in six-well plates (2 Â 10 4 cells per well) in 5% FCS/DMEM and then washed three times with PBS and fixed in PBS 4% paraformaldehyde. When grown on normal plates, the cells were resuspended in PBS (Gibco; 2 Â 10 4 cells per ml) and then cytocentrifuged on SuperFrost Plus slides (CML, Nemours, France). These cells were then air-dried overnight at room temperature, fixed for 10 min in acetone and used directly or stored at À201C until immunohistochemical analysis.
The expression of IL-4R (R&D), phosphorylated STAT-6 (P-STAT-6), a-SMA (Dako, Glostrup, Denmark) or vimentin (Dako) was evaluated using an indirect immunoenzymatic method with alkaline phosphatase/anti-alkaline phosphatase complexes, as previously described. 38 For intracellular staining, cells were first permeabilized with 0.1% Triton X-100. Anti-human-IL-4R monoclonal antibody (dilution 1/10), anti-a-SMA (1/50), anti-vimentin (1/50) and anti-P-STAT-6 polyclonal antibody (dilution 1/50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used as the primary antibody. Mouse anti-rabbit immunoglobulin (IgG, Dako, for polyclonal primary antibody only) and rabbit anti-mouse IgG (Dako) were used as secondary antibodies. The slides were then incubated with alkaline phosphatase/anti-alkaline phosphatase complexes (Dako). Alkaline phosphatase activity was revealed for 20 min in fast-red TR (1 mg/ml) and naphthol phosphate (0.2 mg/ml) solutions (Sigma, Saint Quentin-Fallavier, France) containing levamisole (0.24 g/ml; Sigma). The slides were counterstained with Harris hematoxylin. For negative controls, the primary antibody was omitted or replaced by an irrelevant antibody at the same dilution.
Immunofluorescence analysis
In parallel, CD90 (Dianova, GmbH, Hamburg, Germany), a-SMA (Dako) and vimentin (Dako) were evaluated using an immunofluorescence method. Cells were cultured on glass coverslips in DMEM -(FCS 5%), washed three times with PBS and fixed in PBS with 4% paraformaldehyde for 10 min. After fixation, the cells were washed twice with PBS and permeabilized with PBS containing 0.1% Triton X-100 for 10 min (for intracellular staining only: a-SMA and vimentin). The cells were then incubated with primary fluorescent isothiocyanate (FITC)-conjugated antibodies or not (diluted 1/100 in PBS) for 1 h. After three washes, the cells were incubated with FITC-anti-mouse IgG (diluted 1/500 in PBS; Caltag, Burlingame, CA, USA) for 30 min and then washed three times with PBS. The coverslips were mounted in immumount medium (Shandon, USA) and viewed with a fluorescence microscope (Olympus, FITC filter).
Flow cytometry analysis
The expressions of CD90, CD31, a-SMA, vimentin, prolyl 4-hydroxylase and P-STAT-6 were measured by flow cytometry analysis. hIHFs were released from culture plates by trypsination, centrifuged, resuspended in PBS (3 Â 10 5 cells per ml) and then washed. hIHFs were first permeabilized or not with FACst permeabilizing solution (BD Biosciences, Le Pont De Claix, France), then stained with FITCconjugated mouse anti-human CD90 (1/50; Dianova) for 30 min, or with nonconjugated antibodies: anti-human CD31, anti-human a-SMA, anti-vimentin, anti-prolyl hydroxylase antibody (dilution 1/50, Dako), or mouse anti-human P-STAT-6 antibody (dilution 1/50; BD Pharmingen) for 30 min, followed by incubation with a FITC-labeled goat anti-mouse IgG (dilution 1/100; Caltag), for 30 min. A fluorochromeconjugated irrelevant isotype (mouse IgG) was used as a negative control. Cell staining was then analyzed using a FACSCalibur flow cytometer (BD Biosciences) and CellQuest software.
Inhibition of STAT-6 by the STAT-6 siRNA Transfection of Cultured Cells Human IHFs (3 Â 10 5 per well in six-well plates) were incubated overnight in DMEM medium supplemented with 5% FCS to reach 50-70% confluency. Cells were then transfected with 100 nM STAT-6 small-interfering RNA (siRNA, ON-TARGETplus SMARTpool with four siRNA sequences targeting human STAT-6; Dharmacon, Chicago, IL, USA), with GAPDH siRNA (ON-TARGETplus siControl GAPDpool; Dharmacon) or with a negative siRNA control (ON-TARGETplus siControl nontargeting pool; Dharmacon) in the presence of 10 ml Lipofectamine 2000 (Invitrogen SARL, Cergy Pontoise, France) and 1 ml FCS-free growth medium. At 6 h after transfection, 1 ml of DMEM medium with 5% of FCS was added to each well, and 24 h after transfection cells were incubated in serum-free medium for 48 h and further stimulated with human IL-4 (50 ng/ml) for 20 min before the evaluation of STAT-6 activation, or for 48 h to evaluate collagen production and expression.
The efficiency of siRNA transfection was checked by quantitative RT-PCR (as described below) and by western blot assay.
Western Blot Assay
Transfected or nontransfected hIHFs were treated or not with IL-4 (50 ng/ml) for 20 min in six-well plates in 5% FCS/DMEM. The cells were rinsed in cold PBS and lyzed by the addition of Laemmli/1.2% b-mercapto buffer (40 mM Tris-HCl, pH 6.8, 5 mM DTT, 1% SDS, 7.5% glycerol, 0.01% bromophenol blue) to the plates. After scraping and boiling, samples (50 mg of protein) were loaded onto a 10% polyacrylamide gel and transferred into a nitrocellulose membrane. Membranes were saturated in 5% milk PBS containing 0.1% Tween 20 for 1 h and then incubated with the following primary antibodies: rabbit polyclonal anti-STAT-6 antibody (dilution 1:500; Cell Signaling Technology, Danvers, MA, USA); rabbit polyclonal anti-STAT-6 phosphorylated antibody (dilution 1:500; Cell Signaling Technology) and mouse Membranes were washed and incubated with peroxidaseconjugated anti-rabbit or anti-mouse secondary antibodies (dilutions 1:5000; Amersham, Saclay, France). After washing, the membranes were incubated with chemiluminescence reagents (Pierce, Rockford, IL, USA). The resulting autoradiographs were then scanned.
Quiescence of hIHFs
Cells were used between the second and sixth passages, and the experiments were performed on hIHFs rendered quiescent by incubation for 2 days in serum-free medium or seeding on basal membrane-like substrate Matrigel-coated plastic plates (Matrigel tm , Becton Dickinson), using the 'thin film' method (50 ml per cm 2 of growth surface), according to the manufacturer's instructions. 39 Cell quiescence was verified by evaluating the reduction or disappearance of specific activation markers (a-SMA, vimentin and prolyl 4-hydroxylase) using flow cytometry. Vitamin A autofluorescence was evaluated using a fluorescence microscope with filters designed to detect FITC.
Evaluation of hIHFs Apoptosis and Necrosis
Annexin V-FITC was used to detect and quantify early stage apoptosis, and propidium iodide (PI) to detect necrosis (Annexin V-FITC kit; Immunotech, Marseille, France), according to the manufacturer's recommendations. After 48 h of culture, hIHFs were treated with IL-4, TGF-b or C2-Ceramid (20 mM; Sigma) as a positive control for apoptosis. 40 Cells were suspended in a binding buffer containing Ca 2 þ and incubated with 1 mg/ml Annexin V-FTIC and 1 mg/ml PI. Apoptosis and necrosis were measured using the FACSCalibur and CellQuest software. A total of 5000 cells were acquired and analyzed in each sample. FITC-positive and PI-negative cells were considered to be apoptotic, whereas PI-positive cells were deemed necrotic and unstained cells considered as normal viable cells.
Evaluation of hIHFs Proliferation hIHFs (5 Â 10
4 per well) were seeded in 96-well plates (Nunc A/S; Roskilde, Denmark) and incubated for 48 h in serumfree medium. After 48 h, the cells were treated with IL-4 (5, 10, 50 and 100 ng/ml), TGF-b (10 ng/ml) or PDGF (10 ng/ml; R&D Systems) for 48 h. Cell proliferation was measured after pulsing the cells with [ 3 H]thymidine (1 mCi per well) for the last 16 h of culture. The cells were harvested and radioactivity was counted using a scintillation counter. Absorbance at 550 nm was recorded in each well using an ELISA microplate reader.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) for IL-4R mRNA Detection Total RNA was prepared using the RNeasy minikit (Qiagen SA, Courtaboeuf, France) according to the manufacturer's recommendations. cDNA synthesis was carried out for 90 min at 421C in a reaction mixture containing two units of RNase inhibitor (Promega, Charbonnieres, France), three units of avian myeloblastosis virus reverse transcriptase (Promega), 100 ng of specific reverse primers (Sigma-Genosys Ltd, Saint-Quentin Fallavier, France) and 2.5 mM DNTP (Promega), for 1 mg of total RNA. The cDNA samples were stored at À201C.
Amplification was achieved by adding 2 ml of cDNA to a PCR mixture containing 2.5 U of Taq DNA polymerase (Promega), 2 mM MgCl 2 , 1 mM DNTP, 100 ng of each primer and PCR buffer (Promega), in a final volume of 50 ml. PCR was run in a thermal cycler (PerkinElmer Cetus 480), for 35 cycles, as follows: a denaturation step (941C for 1 min), an annealing step (561C for 45 s) and an elongation step (721C for 1 min). The primers for IL-4R (Sigma-Genosys Ltd), published elsewhere 41 (Table 1) , yielded a PCR product of 510 bp. Each reverse-transcribed mRNA was internally controlled with the 28s ribosomal housekeeping gene. 42 PCR products were analyzed on 2% agarose gel containing ethidium bromide.
Real-Time Quantitative PCR for STAT-6, GAPDH, Collagen I, III and IV and for a-SMA Evaluation STAT-6, GAPDH, type I, III and IV collagens, and a-SMA gene expressions in hIHFs were analyzed by RT-PCR using a LightCycler (Roche Diagnostics, Grenoble, France). The reaction was ensured using the DNA Fast Start SYBR Green Kit (Roche Diagnostics), with LightCycler instruments and technology (Roche Diagnostics). PCR amplification was performed in a total volume of 20 ml in glass capillaries containing 20 ng of each primer (Sigma-Genosys Ltd; Table 1), Table 1 , and 2 ml of cDNA (previously diluted to 1/10). The PCR amplification protocol consisted in one step of initial denaturation for 10 min at 941C, followed by 40 cycles: denaturation (951C for 10 s), annealing for 5 s (at 701C for GAPDH, 621C for STAT-6, 541C for 28 s, 581C for collagen I or 651C for collagen III, IV, a-SMA) and extension (721C for 5 s). The level of mRNA was calculated by normalizing the threshold cycle (C T ) of STAT-6, GAPDH, type I, III and IV collagens, or a-SMA to the C T of the housekeeping gene 28s ribosomal RNA, according to the following formula: the average 28 s C T was subtracted from the average type I, III and IV collagens or Po0.01 (P ¼ 0.0001) SMA C T , with the result representing DC T . This DC T is specific and can be compared with the DC T of a calibration sample (control hIHFs). The subtraction of control DC T from the DC T of the fibroblasts being processed is referred to as DDC T . Relative quantification of the expression of STAT-6, GAPDH, type I, III and IV collagens or a-SMA (by comparison with the control) was determined using the value of 2 DDC T . 49 The primers used during this study had previously been published (Table 1) , and were purchased from Sigma-Genosys Ltd. Each reverse-transcribed mRNA was internally controlled with the 28s ribosomal housekeeping gene, 42 for which the primers were designed using Oligo6 software (Table 1) . PCR products were analyzed for specificity on 2% agarose gel containing ethidium bromide.
Collagen Detection in Supernatant hIHFs by Sircol Collagen Assay
After deactivation for 48 h in a serum-free medium, hIHFs were cultured in medium with serum and treated with various concentrations of IL-4 (1-500 ng/ml). The supernatant was then removed and assayed for soluble collagen using the Sircol collagen assay, according to the manufacturer's protocol (Sigma). This assay uses Sirius Red, an anionic dye with sulfonic acid side chain groups, which reacts with the basic amino acids present in collagen. Briefly, Sircol reagent was added to the medium and gently agitated for 30 min to allow the collagen-dye complex to form. The samples were then centrifuged at 12 000 r.p.m. for 10 min; the collagen-dye complex precipitate was collected and resolubilized in 0.5 M sodium hydroxide. The dye concentration was estimated by spectrophotometry at 540 nm.
Statistical Analysis
Results are expressed as means ± s.d. and the differences between groups were tested using one-way ANOVA and the Mann-Whitney test with StatView IV software (Abacus Concepts, Berkeley, CA, USA). Differences with a P-value o0.05 were considered to be statistically significant.
RESULTS
Isolation and Characterization of hIHFs
Human IHFs obtained from normal human liver and cultured initially on plastic in 5% FCS/DMEM appeared to be morphologically activated; they spread progressively, were flattened and showed a typical myofibroblast-like morphology under phase-contrast microscopy (Figure 1Aa and c) . By contrast, cells plated on the Matrigel substrate exhibited a quiescent morphology and formed clusters that were occasionally connected by a filamentous network (Figure 1Ab and  d) . There was also an intense autofluorescence (vitamin A), of most but not all cells, in Matrigel-cultured (Figure 1Af ) but not plastic-cultured (Figure 1Ae) hIHFs.
The expression of a-SMA, a marker for activated HSCs, 50 and vimentin, a marker for cells of mesenchymal origin, 51 was used to assess the activation and purity of cultured hIHFs, using immunohistochemistry and immunofluorescence. The expression of a-SMA (Figure 1Bc , f and i) and vimentin ( Figure 1Bb , e and h) in hIHFs cultured between passages 2 and 6 on plastic was intense (498% positive cells for both markers), compared to the negative control (Figure 1Ba, d and g ).
hIHFs were also characterized using CD90, a fibroblast marker, [52] [53] [54] and CD31, a marker of endothelial cells, 52 using flow cytometry and immunofluorescence. More that 95% cells were CD90 positive (Figure 2a) , whereas only 1% were CD31 positive (Figure 2b ), indicating that hIHFs isolated using our method had not been substantially contaminated by other cell types. Similar results were found with immunofluorescence analysis, all hIHFs being stained by anti-CD90 antibody (Figure 2d ) whereas no staining was found in negative controls (Figure 2c ).
IL-4 Induced the Activation of Quiescent hIHFs
The reversion of hIHF activation, assessed in terms of the expression of the activation markers a-SMA, vimentin and prolyl 4-hydroxylase, and analyzed by flow cytometry, was obtained after FCS privation or culture on Matrigel (Figure 3a) .
The effects of IL-4 on hIHFs activation was then investigated by evaluating a-SMA mRNA levels using real-time RT-PCR analysis in hIHFs previously rendered quiescent by incubation for 2 days in serum-free medium or culture on Matrigel substrate. a-SMA mRNA levels increased significantly after incubation with TGF-b or IL-4, at all the concentrations used (Figure 3b ). Anti-human IL-4 (50 ng/ml) suppressed the effect of IL-4 (50 ng/ml) on a-SMA mRNA expression (Po0.01 vs cells treated with IL-4 alone; Figure 3b ).
IL-4R Expression by hIHFs
The expression of IL-4R was evaluated in hIHFs by RT-PCR analysis and by immunohistochemistry. With RT-PCR analysis, 28s rRNA amplification, used as an internal control, was positive in all samples. The positive controls for IL-4R mRNA IL-4 activates intrahepatic fibroblasts L Aoudjehane et al were PBMC and HepG2 hepatocyte line cells that, after amplification, led to the expected 510 pb fragment, characteristic of IL-4R a-chain mRNA (Figure 3c ). Biliary cells were used as negative controls. IL-4R mRNA was always detected in hIHFs, whether cultured with or without FCS or on Matrigel (Figure 3c ). With immunohistochemical staining, some PBMC exhibited intense, characteristic red staining (data not shown). Negative controls (omitting the primary antibody or staining with an irrelevant antibody) were consistently negative (Figure 3d ). By contrast, most hIHFs expressed IL-4R (Figure 3d ).
STAT-6 siRNA Transfection Efficiency
The transfection efficiency of STAT-6-specific siRNA was controlled by quantitative RT-PCR (Figure 4a ) and western blot (Figure 4b ). The relative STAT-6 mRNA level, normalized by internal control 28s, was 0.98±0.03 after cell transfection with the negative control (nonspecific siRNA), hIHFs transiently transfected with STAT-6 siRNA exhibited minimal STAT-6 protein expression (Figure 4b ). In addition to STAT-6 inhibition, a marked reduction in P-STAT-6 was also observed in STAT-6 siRNA-transfected cells treated with IL-4 when compared to nontransfected cells (no siRNA) treated with IL-4 (50 ng/ml) (Figure 4b ). By contrast, the 
IL-4 Induced Collagen mRNA Expression in hIHFs
TGF-b1, which potently stimulates the expression of procollagen mRNA and other ECM components, was used as a model of a profibrogenic cytokine. The effects of IL-4 and TGF-b1 on the mRNA levels of collagens I, III and IV were investigated in hIHFs rendered quiescent by incubation for 2 days in serum-free medium on plastic, or in hIHFs cultured 
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on Matrigel substrate ( Figure 6 ). TGF-b1 strongly enhanced collagens I, III and IV mRNA levels (14.9 ± 2.9, 26.17 ± 8.2 and 34.2 ± 6.4-fold, respectively; P ¼ 0.0004, P ¼ 0.0001 and Po0.001 vs untreated cells). Like TGF-b1, IL-4 significantly enhanced collagen I, III and IV mRNA levels in quiescent hIHFs. This effect was dose dependent and was statistically significant as from 10 ng/ml. IL-4 (50 ng/ml) enhanced the mRNA expression of collagens I, III and IV, 14.1 ± 0.2, 16.7 ± 2.4 and 22.4 ± 5.6-fold, respectively, compared to negative controls (P ¼ 0.004, P ¼ 0.007 and P ¼ 0.0005) (Figure  6a-c) . When IL-4-treated hIHFs were treated with anti-IL-4 (50 ng/ml) or were transfected with STAT-6 siRNA, the expressions of collagen I, III and IV were reduced to 1.5±0.3 and 2.5±0.1, 2.8±0.4 and 1.8±0.5 and 2.6±0.1 and 5.4 ± 1.4-fold (P ¼ 0.01, P ¼ 0.01 and P ¼ 0.001, respectively, for anti-IL-4, vs cells treated with IL-4 alone and Po0.0001, P ¼ 0.001 and P ¼ 0.004, respectively, vs cells treated with IL-4 alone, for cells transfected with STAT-6 siRNA). Basal collagen I, III and IV mRNA levels were low in hIHFs cultured on Matrigel. IL-4 and TGF-b stimulation enhanced these levels (Figure 6a-c) : TGF-b increased the expression of collagen I, III and IV that reached 9.2 ± 1.3, 9.6 ± 1.6 and 17.2 ± 3.7-fold, respectively (Po0.001, 0.008 and 0.002 vs untreated cells). IL-4 (50 ng/ml) treatment also increased the mRNA expression of collagens I (9.4±0.7-fold), III (8.9±0.5-fold) and IV (15.2±1.8-fold), compared to negative controls (Po0.0001, P ¼ 0.001 and Po0.001, respectively). This effect was dose dependent and was statistically significant as from 10 ng/ml. Anti-IL-4 (100 ng/ml) suppressed this effect, with collagen I, III and IV expressions reduced to 3.2 ± 0.4, 3.3 ± 0.6 and 4.0 ± 0.9-fold (P ¼ 0.0002, P ¼ 0.02 and P ¼ 0.004, respectively, vs cells treated with IL-4 alone). No statistically significant differences in collagen mRNA levels were found between the two groups of quiescent cells. The expressions of collagen I, III and IV, induced by IL-4, increased in a time-dependent manner until 48 h, and then decreased at 72 h (data not shown).
Measurement of Collagen Production in Supernatants
After 48 h of treatment, collagen production was quantified by a Sircol assay in the supernatants of hIHFs treated with IL-4 (5-500 ng/ml) or TGF-b (10 ng/ml). IL-4 (50 ng/ml) 
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significantly increased the production of collagen by 11.3 ± 1.7 and 10.1 ± 1.2 mg/ml, respectively (P ¼ 0.0005 and P ¼ 0.002; Figure 6d ), by comparison with untreated cells (3.2±0.8 mg/ml). For IL-4, this effect was dose dependent and was statistically significant as from 10 ng/ml. Incubation with anti-IL-4 for 48 h, or transfection by STAT-6 siRNA, significantly reduced collagen production in supernatants (4.6 ± 0.5 mg/ml and 3.7 ± 0.1, P ¼ 0.005 and Po0.0001, respectively, compared to cells treated with IL-4 alone; Figure 6d ). No statistical differences were found regarding collagen production between the two groups of quiescent cells. DISCUSSION HCV-related cirrhosis is a common indication for LT, although the recurrence of HCV infection is universal, and characterized by accelerated hepatic fibrosis. 55, 56 We have recently shown that IL-4 expression is elevated in severe recurrent hepatitis C, 22 and that IL-4 induces apoptosis of human hepatocytes, which might contribute to the progression of severe liver graft damage. 57 Nevertheless, the accelerated progression of fibrosis during recurrent hepatitis C prompted us to advance the hypothesis that IL-4 might directly induce liver fibrosis by activating hIHFs and inducing collagen production. Little has been reported to date concerning the effect of IL-4 on human liver nonparenchymal cells. IL-4 promotes collagen synthesis by LI90 cells (an HSC line 33 ) and by nonparenchymal human liver cells in vitro. Most studies of liver fibrosis reported until now have considered that activated HSC was the principal fibrogenic cell type contributing to ECM accumulation. 58 However, other cell types such as portal fibroblasts may, after activation, acquire fibrogenic potential. 59, 60 In our study, a heterogeneous population of hIHFs was isolated from human livers using collagenase perfusion, because most (but not all) of these cells store vitamin A in the same way as stellate cells, when quiescent. 60 The cells we studied were then characterized by their morphology, purity and specificity. When cultured on plastic wells, quiescent hIHFs were activated and exhibited the characteristics of myofibroblasts or activated HSCs; they were 
IL-4 activates intrahepatic fibroblasts
L Aoudjehane et al barely autofluorescent, but strongly immunoreactive for a-SMA and vimentin. To evaluate IL-4 activity on hIHFs, these cells were first reversed to quiescence by incubation in a serum-free medium or culture on plates coated with a basal membrane-like substrate (Matrigel). We were able to show that cells were thus partially autofluorescent, with a reduced expression of a-SMA, vimentin and prolyl 4-hydroxylase activation markers. To our knowledge, this study shows for the first time that the subsequent incubation of quiescent hIHFs with IL-4 can directly activate cells toward a myofibroblast phenotype with morphological changes, a loss of vitamin A droplets and strong expression of a-SMA and vimentin. The IL-4 concentrations used during this study were similar to those employed in previous in vitro studies (10-50 ng/ml). 61, 62 In a model of IL-4-induced rat hepatitis, IL-4 serum concentrations reached 1800 pg/ml. 63 In HIV-Trypanosoma cruzi coinfection, IL-4 serum levels reached 6200 pg/ml. 64 Intrahepatic concentrations were unknown. We thus took considerable care to demonstrate that during our experiments IL-4 at the concentrations employed was not toxic for hIHFs and had no effect on cell proliferation.
Our results show for the first time that hIHFs express IL-4R, both in terms of mRNA and protein. The binding of IL-4 to IL-4R triggers the phosphorylation of JAK-1 and JAK-3, 65 leading to activation of the major IL-4 signaling pathway mediated by STAT-6. 66 Tyrosine-phosphorylated STAT-6 forms homodimers and translocates to the nucleus, where it binds IL-4-responsive elements and induces gene transcription. 67 It has been shown elsewhere that in mouse nonhepatic fibroblasts, IL-4 can induce collagen I production through a mechanism involving STAT-6 and the activation of transcription factors, 68 and that the promoter region of collagen type I DNA contains a STAT-6-responsive element. 69 Our present results show that after IL-4 interacted with its receptor the STAT-6 signaling pathway was activated in hIHFs, and that STAT-6 phosphorylation was detected after 20 min of incubation with IL-4.
One major finding of this study was that human recombinant IL-4 can promote the activation of quiescent hIHFs, and directly induce collagen production. IL-4 induces the transcription of types I, III and IV collagens, and the production and secretion of collagens in cell supernatants. Interestingly, IL-4 appeared to be nearly as potent as TGF-b (when used at concentrations similar to those previously IL-4 activates intrahepatic fibroblasts L Aoudjehane et al reported) in stimulating collagen production. This IL-4 activity is mediated by the binding of IL-4R expressed on the surface of hIHFs. The STAT-6 signaling pathway is required to induce IL-4-mediated fibrosis, as the blockade of STAT-6 activation by STAT-6 siRNA and anti-IL-4 antibody inhibited IL-4-mediated cell activation and collagen production. Cells were activated into myofibroblasts, but cell proliferation was not required for collagen production by IL-4.
In conclusion, this study shows that IL-4 exerts a potent profibrotic effect by activating hIHFs and inducing collagen production and secretion, these being major components of the ECM during liver fibrosis. This effect requires IL4-R binding and STAT-6 activation. Thus IL-4, which is overexpressed in severe recurrent hepatitis C, may have a potential role in the accelerated course of HCV infection after LT. These findings may have therapeutic implications: drugs that are able to inhibit STAT-6, or immunosuppressive drugs with anti-IL4 activity, might be beneficial in liver transplant recipients experiencing recurrent HCV infection or diseases with a fibrotic course. High IL-4 producers might represent a subset of liver transplant recipients who warrant more intensive management. 
L Aoudjehane et al
